Abstract
Introduction
Aging is a complex process related with the gradual diminution in cellular and physiological functions. The accumulation of intracellular age pigment "lipofuscin" DOI: 10 .1159/000490908 appears to be the most consistent and detectable change during ageing [1] [2] [3] [4] [5] [6] . Lipofuscin is also considered to be an intralysosomal "garbage" or waste material, primarily composed of 30-58% proteins, 19-51% lipid like material believed as oxidation products of polyunsaturated fatty acids and some carbohydrates and traces of metals (up to 2%) including iron, copper, aluminium, zinc, calcium, manganese, and so on [7] [8] [9] . Lipofuscin is also not degraded by lysosomal hydrolases due to the polymerization and cross linkage of peptides with aldehydes leading to plastic-like structures impervious to biological degradation [9] [10] [11] . The un-degradable property of lipofuscin was well demonstrated by the fact that even starving cells, with activated autophagy were unable to remove the pigment [12] . The most distinctive feature of lipofuscin is autofluorescence, detected by fluorescence or laser-scanning microscopy with excitation/emission maxima of 360-420/540-650 nm [3, 6, 8] . The color of emission varies with age (from immature pigment to mature pigment) of the individual bearing it [13] . The rate of lipofuscin accumulation has been reported to vary in different species [14] , in different tissues of the same species [14, 15] , and even different regions of the same organ [16] [17] [18] , The rate of lipofuscin accumulation is high in short-lived mammals like mouse and rat as compared to long-lived species due to highly active mitochondria, which produce more superoxide and hydrogen peroxide radicals [15, 19] .
Lipofuscin is reported to accumulate progressively in postmitotic cells such as neurons and myocardial cells [2, 9, [20] [21] [22] [23] . The localization of lipofuscin has also been reported in glial cells, although these cells, unlike neurons, continue to divide mitotically leading to an absolute reduced accumulation of lipofuscin. Thus, the concentration of glial lipofuscin is suggested to result from the transfer of neuronal lipofuscin to glia as an attempt to participate in pigment removal rather than a high rate of intraglial lipofuscin formation [24] [25] [26] [27] . In neurons, mature large granules of lipofuscin are located in the perinuclear area of perikaryon and also in dendrites and even in axons [27] [28] [29] [30] [31] . Neuronal cells with large clumps of lipofuscin usually display a large cell body with short dendrites compared to cells without or only few lipofuscin granules [32] . In early life, lipofuscin granules are small and irregularly distributed within lysosomes, but as lipofuscin accumulates over time, these granules may reach a maximum size of 3-5 µm [9] . With advancing age, pigment granules increase in size, form aggregates, and intermingle with mitochondrial profiles in the intermediate locality of the nucleus [33] . The most accepted hypothesis for lipofuscinogenesis proposed by Brunk and Terman [34] , referred to as "mitochondrial-lysosomal axis theory of aging," assumes the accumulation of lipofuscin caused by incomplete degradation of damaged mitochondria by process of mitophagy. It was further supported by the presence of adenosine triphosphate synthase (ATP synthase) subunit "c" in age pigment granule, which is the property of mitochondria [35] . Konig et al. [36] also reported involvement of impaired mitophagy and subsequent oxidation of mitochondrial protein in age-related lipofuscinogenesis. Previous studies have reported the gradual increase of lipofuscin in the cells of the inferior olivary nucleus and the anterior horns of the spinal cord [37] , substantia nigra [38] and cerebral cortex [17, 25, 39] throughout the life, but at the end of the life span, this accumulation become accelerated. Braak [40] observed the distribution pattern of lipofuscin in various layers of visual cortex and reported pigment deposition in stellate cells of layer IVa beta and pyramidal cells of Va, while as per Peters and Sethares [41] , large Meynert cells of rhesus monkey primary visual cortex accumulate a very small amount of age pigment.
The present study focuses on ways of assessing the age-associated occurrence and distribution pattern of lipofuscin both in neurons and microglia in various regions of hippocampus and striate cortex. Thus, this study would be informative to examine (1) if microglial cells accumulate the age-pigment; and (2) if there is a relationship between the amount of lipofuscin in neurons to the possible presence of such pigment in the microglia.
Methods

Experimental Animals and Tissue Processing
Female Wistar rats of various age groups (3, 6, 12, 18, 24 , and 30 months; n = 6) were used for the present study. The animals were housed in a control environment (25 ± 2 ° C, 50 ± 5% humidity) with ad labitum access to standard food and water. Standard light and dark cycle of 12: 12 h was strictly maintained. The use of these animals and the procedures in this study were pre-approved by the Animal Ethical Committee of Jiwaji University.
Six animals (3 animals for cryotomy and 3 animals for paraffin sectioning) per age group were deeply anesthetized with ether vapors and perfused transcardially with phosphate buffer saline (PBS; pH 7.4) containing 0.001% ethylenediaminetetraacetic acid (EDTA) followed by chilled 2% paraformaldehyde prepared in 0.01 M phosphate buffer (pH 7.4) for cryotomy or 10% buffered formalin prepared in 0.01 M phosphate buffer (pH 7.4) for paraffin sectioning. Brains were dissected out and separated at medial aspect of the cerebral hemispheres and post fixed in the respective fixative. For cryotomy, the tissue after post-fixation in 2% paraformaldehyde at 4 ° C was washed in 0.01 M phosphate buffer thrice (30 min in each change) and then cryoprotected with gradient concentrations of sucrose solutions (10, 20 , and 30%) prepared in 0.01 M phosphate buffer at 4 ° C. Each tissue block was cut coronally into 15-µm thick serial sections through the entire hippocampus and striate cortex using Leica CM1900 cryostat. The sections were picked up on chromalum gelatin-coated slides and stored at -20 ° C to be used for immunohistochemical studies.
For paraffin sectioning, after post-fixation in 10% buffered formalin for 24 h, the tissues were thoroughly washed with distilled water (3 changes of 30 min each) and dehydrated in graded series of ethyl alcohol, that is, 30, 50, 70, and 90% (60 min in each grade) and absolute alcohol (2 changes of 90 min each). This was followed by clearing in toluene (2 changes of 45 min each at 37 ° C). Subsequently, the tissues were impregnated with 2 changes (4 h each) of paraplast (Sigma; m.p. 56-58 ° C) in a preheated incubator (59.5 ° C). The tissue blocks were prepared with the help of Leuckhart's pieces and the coronal sections were cut serially at 10 µm thickness with Leica RM 2135 rotary microtome. The sections were stretched in a water bath set at 50-52 ° C and the sections were picked up on chromalum gelatincoated slides, dried at 45 ° C, and stored at 4 ° C in sealed boxes till further use.
Fluorescence Imaging of Autofluorescent Lipofuscin Pigment
Cryocut sections were air dried for 1 h at 37 ° C, dehydrated in absolute alcohol (2 changes of 10 min each), cleared in xylene for 10 min, and then mounted in distyrene tricresyl phosphate xylene (DPX). The sections were visualized with Leica DM 6000 fluorescence microscope equipped with DC 420 Digital Camera and excitation filters with transmission maximum between 370-460 and 420-490 nm and barrier filter of 420 nm. The images acquired from different areas of the hippocampus and striate cortex were finally used to calculate the area fraction of lipofuscin per frame (5,981.7 µm 2 ) by digital computer-assisted method using ImageJ software, inspired by National Institute of Health (http://rsb.info. nih.gov/ij/download.html).
Dual Immunofluorescence Labeling for Localization of Lipofuscin Pigment in Neurons and Microglia
The air dried brain sections were washed in PBS (3 changes of 5 min each), followed by incubation with 1% Triton X-100 (Sigma) in PBS for 40 min for membrane permeabilization. After washing in PBS (3 changes of 5 min each), sections were incubated with 3% normal goat serum in PBS at room temperature for 90 min. Subsequently, the sections were incubated with a cocktail of primary antibodies; rabbit polyclonal, anti-Iba 1 (1: 300, Wako catalog No. 019-19741) for microglia and mouse monoclonal anti-NeuN (1: 100, Chemicon catalog No. MAB 377) for neurons, diluted in 3% bovine serum albumin (BSA) in PBS overnight at 4 ° C. Next day, sections were brought to the room temperature, washed in PBS (3 changes of 5 min each), and incubated in cocktail of fluorochrome tagged secondary antibodies, that is, anti-rabbit FITC (1: 300, Sigma) and anti-mouse TRITC (1: 200, Sigma) diluted in 3% BSA in PBS for 1 h at room temperature in dark. Thereafter, sections were washed in PBS (4 changes of 10 min each) in dark and mounted with Vectashield hardset mounting medium with 4'-6-diamidino-2-phenylindole (DAPI, Vector). The sections were finally visualized with Leica DM 6000 fluorescence microscope equipped with DC 420 digital camera for localization of lipofuscin pigment in microglia and neurons.
Cresyl Violet Staining for Histology
To study the cytoarchitectural and the morphological changes with age, tissue sections were stained with 1% cresyl violet acetate (Sigma, C1791) prepared in acetate buffer (pH 3.5) as per the Humason [42] method.
The sections from various age groups were deparaffinised in xylene (2 changes of 10 min each) and rehydrated to water through down series of alcohol, that is, 100, 90, 70, 50, and 30% (5 min in each grade). Subsequently the sections were stained in cresyl violet solution for 2 min, rinsed quickly in distilled water, and air dried for 45 min at 37 ° C. The sections were dehydrated in n-butanol (2 changes of 2 min each), cleared in xylene, and mounted in DPX. The sections were studied under a bright field microscope for ageassociated cellular changes in hippocampus and striate cortex.
Data Analysis
One-way analysis of variance, followed by post hoc analysis with Tukey test was used to analyze the significance of data with the help of the computer-based software SigmaStat 3.5. The data was expressed as mean ± SEM (standard error of mean). F-ratio has been mentioned as F DF groups, DF total (where DF = degree of freedom).
Results
Lipofuscin Distribution and Processing
With the help of the autofluorescent property of lipofuscin, the distribution pattern and rate of pigment accumulation in hippocampus and striate cortex were recorded in various age groups of Wistar rats. In 3-month old rats, only a few neurons contained sparsely scattered pigment granules, emitting whitish-yellow fluorescence, evidencing that not all the neurons start accumulating pigment simultaneously. By 6 months, more number of neurons started accumulating the pigment. However, the pigment was of the immature type and emitted a whitishyellow fluorescence (Fig. 1a, b) . The pigment was found in the fine granular form and occasionally these granules fused together. By 12 and 18 months of age, the whitish yellow pigment converted into bright yellow fluorescence pigment bodies forming small clumps (Fig. 1c, d ). In 24-and 30-month old animals, the intensity of autofluorescence of pigment increased immensely and shifted from yellow to bright golden yellow. The pigment was present in the form of huge clumps with greater concentration around the nucleus and often appeared like a crown on the nucleus (Fig. 1e-h a microglial cell marker and anti-NeuN antibody, a neuronal marker confirmed that the microglia of 24 and 30 months old rats also contained lipofuscin pigment. These lipofuscin-laden microglia appeared in close vicinity of neurons as well as at sites far from the neurons (Fig. 2b-i) . At some sites, lipofuscin pigment was observed surrounded by the processes of microglia (Fig. 2a) . By 18 months, microglia with degenerative processes appeared in close vicinity of lipofuscin-laden neurons in CA1 subregion (Fig. 2d-f ). 
Quantitative Changes in Lipofuscin
The pattern of lipofuscin accumulation obtained was different in different regions of hippocampus, while the increasing pattern was almost similar all over the striate cortex. In general, irrespective of the brain area, the pigment starts accumulating after 6 months of age and subsequently, the area fraction increases linearly till old age (Fig. 3, 4) . In CA1 region of hippocampus, a sharp increase in lipofuscin accumulation was observed from 6 to 12 months (F [5, 17] , p < 0.001) of age and a subsequent linear increase till 30 months. The accumulation remained almost constant between 12 and 18 months (F [5, 17] , p = 0.339). Significant accumulation of pigment was observed at 18 months as compared to 3 and 6 months (F [5, 17] , p < 0.001); then increased gradually till 24 months of age (F [5, 17] , p = 0.002). Significant increase was also observed at 24 months as compared to 3 and 6 months (F [5, 17] , p < 0.001). The area fraction of pigment was significantly high in 30 months as compared to all age groups (F [5, 17] , p < 0.001). In CA2, the pigment accumulation also increased gradually and linearly from 6 to 30 months with a significant difference between 12 vs. 18 months (F [5, 17] , P< 0.001), 18 vs. 24 months (F [5, 17] , p = 0.006), and 24 vs. 30 months (F [5, 17] , p = 0.002). Highly significant difference was observed at 24 and 30 months as compared to 3, 6, 12, and 18 months (F [5, 17] , p < 0.001). Similarly in CA3 region as well, a sharp increase in lipofuscin accumulation was recorded from 6 to 12 month of age (F [5, 17] , p < 0.001) and a minimum change from 12 to 18 months of age (F [5, 17] , p = 0.994). Thereafter, a sharp increase in pigment accumulation was recorded from 18 to 24 months of age (F [5, 17] , p < 0.001) and then a slow rate of pigment accumulation in 30-month old rats (F [5, 17] , p = 0.201). This increase was significant at 24 and 30 months as compared to 3, 6, 12, and 18 months (F [5, 17] , p < 0.001) and also at 18 and 12 months as compared to 3 and 6 months (F [5, 17] , P< 0.001). In CA4 region, a sharp and steep increase was observed from 6 to 18 months and afterwards a slow but gradual increase was found till 30 months (F [5, 17] , p < 0.001). A significant increase in pigment accumulation was observed at 12 months vs. 3 and 6 months (F [5, 17] , p < 0.001) and 18, 24, and 30 months vs. 3, 6, and 12 months (F [5, 17] , p < 0.001). In dentate gyrus, in contrast to other regions of the hippocampus, the rate of lipofuscin deposition was observed to be very low and significant difference was found only between 3 and 30 months (F [5, 17] , p < 0.05).
In general, the highest lipofuscin accumulation was found to be in CA1 and CA3 areas of the hippocampus. In striate cortex, the pigment starts accumulating from 6 months onwards and increases significantly in a linear manner, so that the maximum pigment accumulation was observed in 30 months old rats (F [5, 17] , p < 0.001). However, the pigment accumulates at a faster rate in CA1 and CA3 subfields of hippocampus than striate cortex (Fig. 5) .
Histological Changes in Neurons during Aging
Brain sections stained with cresyl violet showed normal neuronal cell bodies with distinct nucleus and nucleoli and densely packed neurons in a pyramidal cell layer in the hippocampus of 3-and 6-month old rats (Fig. 6Aa1-3, b1-3 ). By 12 months of age, the hippocampus displayed the signs of atrophy with shrunken appearance of neurons in terms of decrease in the size of perikaryon, nucleus, and nucleolus ( Fig. 6Ac1-3) . The degeneration was more pronounced in the CA1 subregion. Mild degeneration was observed in CA2 and CA3 subregions. DG showed minimum degeneration among all subregions. At 18 months, CA1 and CA3 showed severe atrophy as compared to CA2 and DG subregions (Fig. 6Bd1-3) . Chromatolysis with a diffused Nissl staining was observed from this age. By 18 months of age, neurons were dispersed sparsely in pyramidal cell layer (Fig. 6Bd1-3) . In 24 and 30 months, CA1, CA2, and CA3 regions showed further severe atrophy and shrunken appearance of neurons (Fig. 6Be1-3, f1-3) . However, DG showed only mild degeneration in senile groups as well.
The striate cortex of 3-, 6-, and 12-month-old animals presented normal healthy neurons with distinct nucleus and nucleoli and brightly stained Nissl substance (Fig. 6Aa4,  b4, c4 ). Degenerative changes in striate cortex appeared from 18 months in the form of shrunken appearance of neurons with pyknotic nuclei (Fig. 6Bd4) . However, such cells with degenerative changes were much less even at 30 months of age than the cells in the hippocampus.
Discussion
The age-pigment, lipofuscin, accumulates in cells intrinsically and progressively with age. The process is more prominent in post-mitotic cells like neurons and reflects the chronological age of neuron. As large number of previous reports suggests that there is a variation in the rate of pigment accumulation among different species and, even with sex, age, and condition of the individual subject, the female rats used in this experiment were chosen from the same colony, maintained under same environmental conditions throughout their life span from birth till senescence.
The key role that hippocampus and the striate cortex play in cognition makes them critical targets to be studied in detail. The hippocampus is involved in learning and memory and most vulnerable to the process of ageing [43, 44] . Age-related accumulation of lipofuscin has been correlated with memory impairment [45] . Our study revealed region-specific accumulation of lipofuscin in the hippocampus. However, an almost similar pattern of lipofuscin accumulation was found all over the striate cortex. The present study indicates that the CA1 and CA3 subregions accumulated a higher amount of lipofuscin as compared to other subregions of hippocampus. Neurons of both CA1 and CA3 subregions also showed severe neuronal atrophy in senile brains. However, the DG subregion showed minimum accumulation of lipofuscin and mild atrophy in neurons. This put forth the idea that the lipofuscin accumulation could be involved in the degeneration of neurons. The hippocampal CA3 region is most susceptible to age-related histopathological changes that account for cognitive decline during aging [44] . In agerelated neurodegenerative disorder like Alzheimer's disease, the prominent neuronal loss was observed in CA1 [46] [47] [48] [49] and CA3 subregions [49] of hippocampus. Studies based on gene expression have well demonstrated that each hippocampal subregion has a distinct molecular profile that accounts for regional vulnerability [50] [51] [52] .
In this study, we have made use of the autofluorescent property of the pigment in studying the possible accumulation of the age-pigment in the microglia with aging. The present study has revealed that the microglia especially the activated ones, in the hippocampus and striate cortex, accumulate distinct deposits of the pigment starting from 24 months of age onwards. Riew et al. [53] also reported lipofuscin accumulation in brain macrophages. Lipofuscin aggregates, usually present golden-yellow fluorescence and rest in the close proximity of the nuclei. The fact that this pigment is in the microglia was confirmed with dual immunofluorescence labeling of neurons with NeuN, microglia with Iba1 and the autofluorescent nature of the pigment. The concept that microglia are known to play a role in removal of the age pigment from the senile neurons was forwarded by Hasan et al. [24] and Patro et al. [1] . Although lipofuscin research is focused on the presence and role of lipofuscin pigment in various cell types for more than a century, discrete descriptions on the presence of this pigment in the non-neuronal cells of the CNS continued to be debatable. In the present study, the presence of lipofuscin-laden microglia seen in close proximity of neurons and at site away from the neuron clearly indicates the presence of pigment in microglia. This suggests that there may be a transfer of pigment by exocytosis from neurons to microglia. Thus, in old age, macrophages become impaired with increased oxidative stress and lipofuscin accumulation, and show lower antioxidant defences [54] . This also indicates that in senile brains, microglia lose their ability to digest phagocytosed waste material, which appeared as lipofuscin deposits. This supports the idea that microglia that are unable to function properly contribute to immunosenescence in senile brain. The presence of lipofuscin-laden microglia located far from the neurons also suggests that microglia possibly accumulate waste product by themselves. The nondegradable accumulation of lipofuscin cause impairment of lysosomal function and phagocytic as well as autophagic alterations that may be hazardous to cell functions [55] . Braak et al. [29] also believed that an increasing lipofuscin accumulation leads to cell dysfunction and cell death. Thus, the progressive accumulation of lipofuscin in neurons and microglia with age, as also reported in this study suggest its involvement in impairment of cellular function and homeostasis. A high amount of lipofuscin may cause oxidative injury to cells due to the impairment of lysosomal activity that in turn make them more vulnerable to oxidative stress [34] . Enhanced lipofuscin accumulation has also been correlated with increased oxida- tive stress, decrease in antioxidative defence system, lysosomal iron overload, and mitochondrial dysfunction [27, 34] . Lipofuscin accumulation has also been linked with neuronal loss in normal aging process [56] . Excessive accumulation of lipofuscin ultimately decrease cellular adaptability and promote the development of age-related pathologies, viz., Alzheimer's disease, heart failure, frontal lobe epilepsy, and age-related macular degeneration [9, [57] [58] [59] [60] [61] . In addition, this higher age-related accumulation of lipofuscin could stimulate release of inflammatory chemokines and cytokines, which in turn lead to the activation of macrophage and microglia, and subsequently cause chronic inflammatory process [62] .
In summary, aging contributes to intra-neuronal lipofuscin accumulation. Such deposits may interfere with neuronal function and contribute to age-related pathologies. The present study demonstrates that the CA1 and CA3 subfields are more prone to such age-associated changes. The main finding of this study is that, the microglia, which participates in the removal of the pigment from the neurons, themselves undergo the process of senescence and accumulate lipofuscin pigment. These senescent microglia may contribute to aging-related neurodegenerative conditions because they lose the neuroprotective potential, due to increased stress (oxidative stress) and may begin to over-secrete sub- stances that are harmful to the neurons and to the microglia themselves in addition to their decreased ability to effectively phagocytose insoluble materials including the age pigment.
